Picornavirus RNA replication requires the formation of replication complexes (RCs) consisting of virusinduced vesicles associated with viral nonstructural proteins and RNA. Brefeldin A (BFA) has been shown to strongly inhibit RNA replication of poliovirus but not of encephalomyocarditis virus (EMCV). Here, we demonstrate that the replication of parechovirus 1 (ParV1) is partly resistant to BFA, whereas echovirus 11 (EV11) replication is strongly inhibited. Since BFA inhibits COPI-dependent steps in endoplasmic reticulum (ER)-Golgi transport, we tested a hypothesis that different picornaviruses may have differential requirements for COPI in the formation of their RCs. Using immunofluorescence and cryo-immunoelectron microscopy we examined the association of a COPI component, ␤-COP, with the RCs of EMCV, ParV1, and EV11. EMCV RCs did not contain ␤-COP. In contrast, ␤-COP appeared to be specifically distributed to the RCs of EV11. In ParV1-infected cells ␤-COP was largely dispersed throughout the cytoplasm, with some being present in the RCs. These results suggest that there are differences in the involvement of COPI in the formation of the RCs of various picornaviruses, corresponding to their differential sensitivity to BFA. EMCV RCs are likely to be formed immediately after vesicle budding from the ER, prior to COPI association with membranes. ParV1 RCs are formed from COPI-containing membranes but COPI is unlikely to be directly involved in their formation, whereas formation of EV11 RCs appears to be dependent on COPI association with membranes.
All positive-stranded RNA viruses examined so far modify intracellular membranes of their host cells to create vesicular structures (replication complexes) in which viral RNA replication takes place. The replication complexes formed by viruses of different families have diverse morphology, and membranes of different cellular compartments undergo proliferation and reorganization in the process of their formation (6, 7, 11, 29, 38, 45) .
The Picornaviridae are a family of positive-stranded RNA viruses, currently divided into nine genera (22) . Most of the data on RNA replication of picornaviruses has been obtained in studies with Poliovirus (PV) (a member of the Enterovirus genus). The replication complexes isolated from PV-infected cells appear as rosette-like assemblies of heterogeneous-size vesicles associated with viral nonstructural proteins and RNA (3, 4) . The exact origin of these vesicles is not clear. Rust et al. have demonstrated that early in PV infection, vesicles carrying viral nonstructural proteins are formed at the endoplasmic reticulum (ER) by the cellular COPII budding mechanism and thus are homologous to the vesicles of the anterograde membrane transport pathway (43) . These findings are in contrast to some earlier studies, which suggested an autophagic mechanism for the formation of virus-induced vesicles from the ER (9, 46, 50) . At later times in PV infection, when vesicle formation and RNA synthesis are at their peaks, all cytoplasmic membranes, except the nuclear and plasma membranes and mitochondria, are no longer recognizable (9) . At this stage of infection, cellular protein markers of the ER, trans-Golgi, and lysosomes have been found within the PV-induced membranes (46) .
Infection of cells with PV causes an inhibition of cellular protein secretion (13) . Nevertheless, the virus appears to require some cellular components of the secretory pathway for RNA replication. Brefeldin A (BFA), an inhibitor of secretory membrane traffic in normal cells, strongly inhibits PV RNA synthesis in infected cells, but not viral entry, translation, or morphogenesis (21, 33, 52) . This effect of BFA on PV replication is due to the inhibition of a required cellular factor, as PV replication in BFA-resistant cell lines is not affected (12) .
In mammalian cells secretory membrane traffic between the ER and the Golgi is dependent on the function of two coat protein complexes, COPI and COPII. In the anterograde direction, ER cargo is packaged into COPII-coated vesicles that bud from the ER and fuse either with a preexisting vesiculartubular cluster (VTC) (the functional equivalent of the intermediate compartment) or with each other to form a VTC de novo. In a second step, COPI binds to the VTC, and the COPI-coated VTC, containing no detectable amounts of CO-PII, travels to the Golgi complex (see reference 49 and references therein). COPI binding is required also for the retrieval of cycling proteins from the VTCs, the Golgi complex, and the trans-Golgi network, such retrograde-directed cargo probably being delivered to the ER in COPI-coated vesicles or uncoated tubules (23, 24, 27, 36) . BFA prevents membrane binding of COPI and formation of COPI-coated vesicles by preventing the membrane association of the GTPase ARF1, which is a regulatory component of the COPI coat (14-17, 20, 37, 48) .
The formation of COPII-coated vesicles is not affected by BFA (1, 35, 47, 53) . Cuconati et al. have shown that inhibition of PV RNA replication by BFA in a cell-free system is due to a requirement for ARF activity for the formation of replication complexes (8) . This would suggest that COPI may be essential for PV RNA replication. However, examination of two other picornaviruses, belonging to the Rhinovirus and Cardiovirus genera, has shown that while Rhinovirus replication is also inhibited by BFA, Cardiovirus replication is not affected (21) . These results suggest that picornaviruses of different genera may require different cellular factors for RNA replication.
In this study, we demonstrate that the replication of Parechovirus 1 (ParV1) (a member of the genus Parechovirus) is partly resistant to the effect of BFA, but to a lesser degree than that of Encephalomyocarditis virus (EMCV) (a member of the genus Cardiovirus), whereas replication of Echovirus 11 (EV11) (a member of the genus Enterovirus) is strongly inhibited. Using cryo-immunoelectron microscopy (cryo-IEM) and confocal immunofluorescence (IF) microscopy we show that COPI-coated membranes are segregated from the replication complexes of EMCV, whereas ParV1 induces a diffusion of COPI throughout the cytoplasm, some of it being present in the replication complexes. In contrast, EV11 redistributes COPI to the sites of RNA replication. Our results suggest that COPI is directly involved in the formation of replication complexes of enteroviruses, but not cardioviruses or parechoviruses, which may explain the differences in BFA-sensitivity observed between the three genera of picornaviruses.
MATERIALS AND METHODS
Infections and BFA treatment. Monolayers of BS-C-1 cells (African green monkey kidney) were infected with EV11, ParV1, or EMCV at a multiplicity of infection (MOI) of 3 PFU per cell. The viruses were allowed to absorb for 1 h at 37°C in minimal essential medium (MEM) (Gibco) containing 1% fetal bovine serum (Gibco). The cells were then washed once with 10 mM Tris-HCl-150 mM NaCl (pH 7.5), and further incubated at 37°C in serum-free MEM, either containing BFA (10 g/ml; Sigma) or not, for the indicated periods of time (calculated starting from the moment of virus addition to the cells).
Time course of viral RNA synthesis. BS-C-1 cells were infected with EV11, ParV1, or EMCV at an MOI of 3. After 1 h of virus absorption, the cells were washed and incubated in MEM containing [5,6- 3 H]uridine (70 Ci/ml; Amersham). The cells were lysed at different times postinfection (p.i.), and total cytoplasmic RNA was extracted using an RNeasy kit (Qiagen) according to the instructions of the manufacturer. The RNA was electrophoresed through a formaldehyde-1% agarose gel and transferred to a Hybond-N membrane (Amersham) by capillary action in 1.5 M NaCl-150 mM sodium citrate (pH 7.0) for subsequent autoradiography.
Antibodies. Guinea pig polyclonal antibody raised against double-stranded RNA (dsRNA) was kindly provided by J.-Y. Lee (Victorian Infectious Diseases Reference Laboratory, Melbourne, Australia) (26) . Monoclonal antibody to giantin was a gift of H.-P. Hauri (University of Basel, Basel, Switzerland) (28) . Rabbit polyclonal antibody to ␤-COP was purchased from Affinity BioReagents.
Immunofluorescence. BS-C-1 cells on coverslips were infected as above and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at 20°C, followed by permeabilization with 0.2% Triton X-100 in 4% paraformaldehyde for 10 min at 20°C. Double IF staining was performed using goat anti-guinea pig immunoglobulin G (IgG) antibody conjugated to Alexa Fluor 488 and goat anti-rabbit or anti-mouse IgG antibody conjugated to Alexa Fluor 568 (Molecular Probes). The images were obtained and processed using Radiance 2100 system for confocal microscopy (Bio-Rad).
Electron microscopy. For resin embedding, infected and uninfected cells were harvested in PBS and fixed with 3% glutaraldehyde in PBS. The samples were treated with 1% osmium tetroxide, dehydrated with ethanol, and embedded in Epon 612 resin as previously described (31) . The protocol for cryo-IEM was described previously (30, 31) . Briefly, cells were harvested in PBS and resuspended in 4% paraformaldehyde-0.2% glutaraldehyde in PBS. Cells were then washed in PBS and embedded in 10% gelatin before cryofixation. Ultrathin sections (50 nm) were collected in a 14:1 mix of 2.3 M sucrose and 2% methylcellulose and immunolabeled, using anti-IgG gold (Biocell) or protein A-gold (Utrecht University, Utrecht, Netherlands) for visualization. All specimens were examined on JEOL 1010 transmission electron microscope at 80 kV.
RESULTS
Parechovirus 1 replicates in the presence of BFA. To examine whether BFA resistance is a unique property of the cardioviruses within the Picornaviridae family, we compared the effect of BFA on the replication of EV11 (an Enterovirus), EMCV (a Cardiovirus), and ParV1 (a Parechovirus).
BS-C-1 cells were infected with each virus at an MOI of 3 and treated with 10-g/ml BFA starting from 1 h p.i., or left untreated. Samples were collected at 1-h intervals, and virus production over time was measured by plaque assay. The results demonstrated a reduction of 5 orders of magnitude in EV11 yield in the presence of BFA (from 2.7 ϫ 10 7 PFU/ml to 2.7 ϫ 10 2 PFU/ml), whereas EMCV production remained unaffected (2.3 ϫ 10 5 PFU/ml) ( Fig. 1A and C). These results were consistent with previously published data on PV and EMCV (21, 33) . ParV1 demonstrated resistance to BFA, however to a lower extent than EMCV: a 4-fold reduction in the virus yield was observed in the presence of BFA (from 2.4 ϫ 10 7 PFU/ml to 6 ϫ 10 6 PFU/ml) (Fig. 1B) . BFA had no significant effect on the time course of EMCV and ParV1 replication: virus production started and stopped at the same time points in BFA-treated and untreated cells ( Fig. 1B and C) .
These results have shown that ParV1, like EMCV, is able to replicate in the presence of BFA, whereas EV11 replication, like PV replication, is strongly inhibited by BFA.
Effect of BFA on viral RNA synthesis. To compare the effect of BFA on RNA replication between the three viruses, we first selected the time points corresponding to the peak RNA synthesis for each virus. For that purpose, BS-C-1 cells were infected with each virus at an MOI of 3 and labeled with [5, H]uridine starting from 1 h p.i. Cytoplasmic RNA was extracted from the cells at different times p.i. and analyzed by formaldehyde-agarose gel electrophoresis and autoradiography. The time courses showed maximal activity of viral RNA synthesis between 5 and 6 h p.i for EV11, between 5 and 7 h p.i. for ParV1, and between 7 and 8 h p.i. for EMCV (Fig. 2) , consistent with the time courses of virus production ( Fig. 1 ). On this basis we selected the time points of 5.5, 6, and 7.5 h p.i for EV11, ParV1 and EMCV, respectively.
Next, we examined the RNA replication sites in the cells infected with EMCV, ParV1, and EV11 and treated with 10-g/ml BFA starting from 1 h p.i., or left untreated. The cells were fixed at 7.5, 6, and 5.5 h p.i. for EMCV, ParV1, and EV11, respectively, and stained for IF using an antibody directed against dsRNA, which interacts with replicative forms of viral RNA (26, 29, 54) .
In the absence of BFA, the cytoplasmic distribution of the RNA replication sites appeared to be similar between EMCV and EV11, with numerous small foci of anti-dsRNA staining concentrated in the perinuclear and juxtanuclear areas ( Fig.  3A and E) . In ParV1-infected cells the foci of anti-dsRNA staining were larger and fewer than those observed in EMCVand EV11-infected cells; however, they were also concentrated in the perinuclear and juxtanuclear areas (Fig. 3C) . The pattern of EMCV dsRNA staining did not change in the presence of BFA (Fig. 3B) . The pattern of ParV1 dsRNA staining also did not change, except for the reduction in the number of the foci (Fig. 3D) , consistent with the reduction in the virus yield described above. In contrast, no dsRNA could be detected in EV11 samples (Fig. 3F) , consistent with the profound inhibition of replication of this virus by BFA.
Morphology of the replication complexes of EMCV, ParV1, and EV11. As a first step towards defining the cellular factors involved in the formation of the replication complexes (RCs) of EMCV, ParV1 and EV11, we compared the morphology of the RCs between the three viruses.
First, we utilized resin embedding and electron microscopy of the cells infected for 7.5, 6 and 5.5 h with EMCV, ParV1 and EV11, respectively, in the absence of BFA. Thus, we observed that all three viruses induced a clustering of vesicles within the perinuclear region of the cytoplasm (Fig. 4A to C) , consistent with previous reports for the viruses from the same genera (9, 19, 51) . EMCV and EV11 induced similar assemblies of tightly clustered vesicles (Fig. 4A and C) . The vesicles within the membranous structures induced by ParV1 were less tightly clustered (Fig. 4B ). Cells infected with any of the three viruses appeared to contain neither visible Golgi bodies nor ordered rough ER, which were readily observed in mock-infected cells (data not shown).
To further examine possible structural differences between the RCs formed by the three viruses we used cryo-IEM, which allowed us to specifically visualize the RCs using the antidsRNA antibody and gold-labeled conjugate. We observed that in EMCV-infected cells, dsRNA was localized to electrondense structures within the induced vesicle clusters (arrow in Fig. 4D ). In EV11-infected cells dsRNA was localized to electron-dense structures within the vesicle clusters (arrows in Fig.  4F ), similar to EMCV, but also to the membrane of the vesicles (arrowheads in Fig. 4F ). The vesicles in both EMCV and EV11 RCs were heterogeneous in size and appeared to have a poorly defined outer membrane, possibly due to fusion with adjacent vesicles or due to some modification of the lipid composition.
In contrast, ParV1 RCs comprised well-defined, homogeneously sized vesicles approximately 70 to 100 nm in diameter and did not appear to contain the electron-dense structures observed with EMCV and EV11 (Fig. 4E) . dsRNA was associated with the membrane of the induced vesicles.
Thus, the RCs of EMCV and EV11 appeared to have similar morphology, consisting of clusters of poorly defined, heterogeneously sized vesicles with electron-dense structures, whereas the ParV1 RCs were distinct, consisting of clusters of well defined homogeneous vesicles without electron-dense structures.
␤-COP colocalizes with EV11, but not EMCV, dsRNA at the peak of RNA synthesis. Rust et al. have demonstrated that the vesicles in PV replication complexes are homologous to the vesicles of the anterograde membrane transport pathway (43) . Assuming that the same is true for all picornaviruses, the basis of their differential sensitivity to BFA may reside in a stage of the ER-to-Golgi pathway, which these vesicles are required to reach for the formation of the RCs. Provided that budding of COPII-coated vesicles from the ER is not affected by BFA (1, 35, 47, 53) , it is logical to presume that enteroviruses may require COPI-coated membranes, whereas cardio-and parechoviruses may use membranes at earlier stages of anterograde transport. To test this hypothesis we examined whether a component of COPI, ␤-COP, colocalized with dsRNA in EMCV-, EV11-, or ParV1-infected cells, using confocal IF microscopy and cryo-IEM.
By confocal IF microscopy we observed that the foci of anti-␤-COP and anti-dsRNA staining in EMCV-infected cells In contrast, the patterns of anti-dsRNA and anti-␤-COP staining in EV11-infected cells were very similar, and partial colocalization of the two antibodies was observed (Fig. 5G to I ). When the infected cells were further examined by cryo-IEM, the EMCV RCs did not contain ␤-COP (small arrowheads in Fig. 6A and B) , although it was present on some vesicles in the vicinity (large arrowheads in Fig. 6A and B) . In contrast, both ParV1 and EV11 RCs were colabeled with anti-dsRNA and anti-␤-COP antibodies (Fig. 6C-F) .
These results suggested that COPI-coated vesicles may be involved in the formation of replication complexes of EV11, but not EMCV. The data for ParV1 are less conclusive. It would appear that, like EV11, ParV1 also uses COPI-coated membranes for assembly of the RCs. However, in contrast to EV11, which appeared to redistribute COPI coats to the virusinduced vesicular structures, ParV1 infection caused the dispersal of most COPI.
␤-COP colocalizes with EV11 dsRNA early in infection. A hallmark of PV infection is the breakdown of the Golgi apparatus soon after the start of formation of RCs (5). The transGolgi marker ␤-1,4-galactosyltransferase (GalT) has been found within PV-induced membranes isolated from infected cells late in infection (46) , and it was suggested that Golgi membranes may be used as a secondary source of vesicles for RCs following Golgi apparatus disintegration (43) . Taking this into account we examined whether ␤-COP colocalized with dsRNA in EV11-infected cells early in infection, prior to disintegration of the Golgi complex. EMCV-and ParV1-infected cells were also examined at early times p.i. for comparison.
Viral dsRNA is first detectable in the infected cells by IF at 4 h p.i. for EV11 and ParV1 and at 5 h p.i. for EMCV (data not shown). Therefore, we examined whether ␤-COP colocalized with dsRNA in the infected cells at 4 h p.i. for EV11 and ParV1, and at 5 h p.i. for EMCV, using confocal IF microscopy. The integrity of the Golgi complex was monitored in the same experiments by double labeling of separate samples with anti-dsRNA antibody and an antibody to a marker for the cisand medial-Golgi compartments, giantin.
No colocalization between ␤-COP and dsRNA was observed in EMCV-and ParV1-infected cells: the staining patterns of ␤-COP and dsRNA in EMCV-infected cells were not coincident (Fig. 7A to C) , and ParV1 caused strong reduction in (Fig. 7D to F) . In contrast, ␤-COP partly colocalized with dsRNA in EV11-infected cells at 4 h p.i., although the extent of colocalization was lower than that observed at 5.5 h p.i. (compare Fig. 7I and 5I ). The staining pattern of giantin in cells infected with EV11 for 4 h was similar to that in uninfected cells, suggesting that the Golgi complex was still intact (data not shown). These results suggested that COPI-coated vesicles may be involved in the formation of the RCs of EV11 from the start of RNA replication.
DISCUSSION
BFA has been shown to strongly inhibit RNA replication of PV (an enterovirus) and a rhinovirus but to have no effect on the replication of the cardiovirus EMCV (21, 33) . In this study, we have demonstrated that replication of the parechovirus ParV1 is also partially resistant to the effect of BFA, although not to the same extent as that of EMCV, whereas replication of another enterovirus, EV11, is strongly inhibited by BFA, like that of PV.
Replication complexes of EMCV and EV11 appeared to have similar morphologies when examined by cryo-IEM, consisting of clusters of heterogeneously sized, poorly defined vesicles, with dsRNA localized mainly to electron-dense structures within the clusters. Such electron-dense structures have previously been identified as the sites of PV RNA replication (2) . Replication complexes of ParV1 were distinct, consisting of less tightly clustered, well-defined, homogeneous vesicles, not containing electron-dense structures. dsRNA was associated with the membrane of the vesicles.
Despite their morphological similarity, the RCs of EMCV and EV11 had a major difference in vesicle coating, which was consistent with the different sensitivity of these viruses to BFA.
A component of the COPI coat, ␤-COP, was observed within the RCs of EV11 by cryo-IEM, and confocal IF microscopy demonstrated that the staining patterns of ␤-COP and dsRNA were similar and partly colocalized both early and late in EV11 infection, with the extent of colocalization being higher late in infection. Since COPI continuously binds to and dissociates from membranes with a half-life of less than 2 min (J. F. Presley, C. Miller, K. Zaal, J. Ellenberg, and J. Lippincott-Schwartz, abstr., Mol. Biol. Cell Suppl. 9:746, 1998), the higher degree of association of COPI with EV11 RCs late in infection, after disruption of the Golgi complex, may be due to the increase in free cytoplasmic COPI caused by its release from disintegrated Golgi membranes.
These results suggest that COPI association with membranes may be required for the formation of the RCs of EV11 from the start of the replication cycle, a notion that can explain the profound inhibition by BFA of the replication of EV11. This hypothesis is supported by the previously published data that PV RNA replication in vitro is dependent on ARF activity (8) .
It needs to be noted that in addition to COPI, BFA prevents association with membranes of another ARF1-regulated coat protein complex-clathrin-␥-adaptin (40, 41, 55)-thus preventing budding of clathrin-␥-adaptin-coated vesicles from the trans-Golgi network, endosomes, and lysosomes (10, 18) . However, Doedens et al. have demonstrated that in cell lines in which COPI association with membranes is not affected by BFA, whereas clathrin-␥-adaptin association is inhibited, PV production is not affected by BFA (12) . Therefore, clathrin-␥-adaptin-coated vesicles, even if present in the RCs of enteroviruses, have no significant role in their formation.
Another possible cause of the inhibition of replication of enteroviruses by BFA is Golgi complex disintegration and redistribution of Golgi lipids and enzymes into the ER, which is the consequence of COPI dissociation from membranes. However, the integrity of the Golgi complex does not appear to be important for the enterovirus RNA replication, since PV vesicles do not originate from nor fuse with the Golgi complex early in infection (43) , and the Golgi complex disintegrates soon after the start of RNA synthesis (5) . Redistribution of Golgi lipids and enzymes into the ER also seems unlikely to inhibit the formation of the RCs, because it does not affect budding of COPII-coated vesicles from the ER (35, 47, 53) .
Thus, our results, in combination with the published data, strongly suggest that the formation of the RCs of enteroviruses is dependent on COPI association with the vesicles, and the inhibitory effect of BFA is due to prevention of such association.
Our findings are consistent with the data of Rust et al. that PV-induced vesicles bud from the ER by the COPII mechanism and therefore are homologous to the vesicles of the anterograde membrane transport pathway (43) . We demonstrate that a later step in this pathway, COPI binding, is also required for the enterovirus RC formation. To the best of our knowledge, there are no published data suggesting an association of COPI with autophagy. Also, BFA does not interfere with the formation of autophagy (34, 39) . Taken together, this argues against the autophagic mechanism for the formation of virus-induced vesicles on the ER (9, 46, 50) .
It is not clear at what stage of the ER-Golgi pathway the RCs of enteroviruses are assembled. COPI coats are predominantly found on VTC and Golgi membranes and are found less so on the trans-Golgi network (reference 32 and references therein). Also, in vitro experiments have shown that COPI can be directly recruited to the vesicles after budding from the ER (42) . It is possible, therefore, that ER-derived vesicles may acquire COPI coats prior to assembly into the RCs. Alternatively, ER-derived vesicles may fuse into VTCs, and a second, COPI-dependent budding step may be required for assembly of the RCs.
In contrast to EV11, EMCV RCs did not contain ␤-COP, as visualized by cryo-IEM, and confocal IF microscopy demonstrated segregation of the foci of staining of ␤-COP and dsRNA in EMCV-infected cells. Segregation of COPI from the replication complexes of EMCV was consistent with the observed resistance of EMCV to BFA.
These results suggest that RCs of EMCV are likely to be formed immediately after vesicle budding from the ER, without recruiting COPI coats. Budding of COPII-coated vesicles from the ER is not affected by BFA (1, 35, 47, 53) , which can explain the insensitivity of EMCV replication to BFA.
ParV1 was distinct from EV11 and EMCV not only in the morphology of the RCs but also in its effect on COPI association with membranes. IF microscopy showed a strong reduction in ␤-COP staining in ParV1-infected cells, starting from early in infection, suggesting the dissociation of most COPI from the membranes and dispersal throughout the cytoplasm. Nevertheless, ␤-COP could be detected within the ParV1 RCs by cryo-IEM. These observations may mean that ParV1 RCs are formed using COPI-containing membranes, but their formation causes predominant dissociation of COPI rather than its involvement in RC formation. This would be consistent with the relative resistance of ParV1 to the effect of BFA. VTCs might be the source of such membranes. They normally contain COPI, and their formation is enhanced by COPI binding (25) , but they still can form when COPI binding is inhibited (44, 53) . The fourfold reduction in ParV1 yield in the presence of BFA might reflect a corresponding reduction in VTC formation. However, further studies are needed to test this hypothesis.
